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Abstract
The solar energy as one of the new energy sources and a regenerated energy is abundant
and pollution-free. Most photovoltaic devices (solar cells) sold in the market today are
based on silicon wafers,  the  so-called "first  generation"  technology.  The market  at
present is on the verge of switching to a "second generation" of thin film solar cell
technology which offers prospects for a large reduction in material costs by eliminating
the costs of the silicon wafers. Cadmium telluride (CdTe), amorphous silicon (a-Si) and
copper indium gallium selenide (CIGS) are three thin film technologies which have
achieved commercial production. This chapter gives the review of the CIGS solar cells
regarding the heterostructures, materials, technology and research advances. It also
states the key findings in our research and provides suggestions for future research.
Keywords: Cu(In,Ga)(S,Se)2, solar cell, thin film, photon management, carrier collec-
tion, nanostructure
1. Introduction
Nowadays the development of the society and economy raises up the dependence upon the
energy sources. However, the energy crisis and the environmental problems induced by using
the fossil energy sources have attached much attention. A consensus about developing new
energy as well as the reduction of the fossil energy consumption has been reached all over the
world. The solar energy as one of the new energy sources and a regenerated energy is abundant
and pollution-free. Photovoltaics (PV) is a method of generating electrical power through
transforming solar energy into direct current electricity. The transformation is achieved by using
semiconductors that exhibit the photovoltaic effect. The photovoltaic effect refers to photons of
light exciting electrons into a higher state of energy, allowing them to act as charge carriers for
an electric current. Most photovoltaic devices (solar cells) sold in the market today are based on
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silicon wafers. There is an argument that the silicon solar cells are the so-called “first genera-
tion” technology. The market at present is on the verge of switching to a “second generation”
of thin film solar cell technology which offers prospects for a large reduction in material costs
by eliminating the costs of the silicon wafers. However, whether the thin film solar cell can be
attributed to a “second generation” technology is still a controversial issue. Despite the debate,
the silicon photovoltaic industry has reached its industrial maturity. The approach to progress
further is to increase the efficiency as well as decrease the cost of the solar cells. The thin film
photovoltaic technology is one of the potential alternative approaches.
Classification Area (cm2)a Efficiency (%) References
Cu(In,Ga)Se2 (cell) 0.5 (unknown) 22.3 [2]
Cu(In,Ga)Se2 (module) 808 (da) 17.5 [3]
CdTe (cell) Unknown 22.1 [4]
CdTe (module) Unknown 18.6 [5]
a-Si (cell)b 1.043 (da) 13.6 [6]
a-Si (module)c 14322 (t) 12.3 [7]
Dye sensitized (cell) 1.005 (da) 11.9 [8]
Dye sensitized (minimodule) 26.55 (da) 10.7 [8]
Organic (cell) 0.0429 (ap) 11.5 [9]
Organic (module) 802 (da) 8.7 [10]
Perovskite (cell) Unknown 22.0 [11]
a ap = aperture area; da = designated illumination area (defined in [1]); t = total area.
b a-Si/nc-Si/nc-Si triple junction solar cell.
c a-Si/nc-Si tandem solar cell.
Table 1. The efficiency table of the thin-film solar cells.
Figure 1. The cell structure of the Cu(In,Ga)Se2 solar cell.
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Currently three types of the thin film solar cells have realized industrialization. They are
cadmium telluride (CdTe) solar cells, amorphous silicon (a-Si) solar cells and copper indium
gallium diselenide (CIGS) solar cells. The other thin film technologies such as perovskite solar
cells, dye-sensitized solar cells (DSSCs), organic solar cells and quantum-dot solar cells
(QDSCs) remain in the stage of lab research or pilot line. The a-Si solar cells in the PV industry
are fading away because of its relative low efficiency and instability. The CdTe and CIGS solar
cells show the rapid development trend in recent years. Table 1 presents the efficiencies of
different thin film solar cells. Among them, the CIGS solar cells show the highest efficiency
both in cells and modules.
Figure 2. The image of the layers in the CIGS solar cell by scanning electron microscopy.
The structure of the CIGS solar cells is shown in Figure 1. The CIGS solar cells consist of a
number of films which are deposited onto a rigid or flexible substrate. The first film, typically
molybdenum (Mo), serves as a nontransparent back-contact. It is covered by the actual
Cu(In,Ga)Se2 film. Most of the light is absorbed by the p-type thin film (absorber) and the
photocurrent is generated. The heterojunction is formed by depositing a very thin n-type buffer
layer (typically CdS) and an n-type wide gap transparent window layer (usually heavily doped
ZnO). Figure 2 presents the actual image of the layers in the CIGS solar cell, which is measured
by a scanning electron microscopy (SEM). From the bottom to the top, they are Mo back contact
layer, Cu(In,Ga)Se2 absorber layer, a very thin CdS buffer layer, the ZnO window layer and
ZnO nanostructure antireflective coating layer.
2. Fundamental properties of the key materials
The definition of the thin-film given by Chopra et al. [12] provides a good starting point and
also yields a criterion to discriminate the term ‘thin film’ from ‘thick film’. According to their
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opinion, a thin film is defined as a material that is created ab initio by the random nucleation
and growth processes of individually condensing/reacting atomic/ionic/molecular species on
a substrate. Thin films may encompass a considerable thickness range, varying from a few
nanometers to tens of micrometers and thus are best defined in terms of the production
processes rather than by thickness. The layers for constructing the CIGS solar cells are back
contact layer, absorber layer, buffer layer and window layer.
2.1. Back contact layer
The back contact layer as the back contact electrode of the solar cell is usually deposited on the
substrate such as glass or flexible foils. One of the key requirements for the back contact layer
is that the contact between the back contact and the absorber layer should be ohmic contact.
The back contact layer should have a good conductivity and can be adhered to substrate firmly
in order to make the solar cell stable. Molybdenum (Mo) is used in the majority of the CIGS
solar cells. The structural and morphological properties of the Mo thin films will greatly affect
the sequent growth of the absorber layer.
2.2. Absorber layer
The absorber layer is deposited on the back contact layer. CuInSe2 (CIS) was the first absorber
layer developed in the 1970s. In the next two decades gallium was introduced into the absorber
layer, resulting in the deposition of the Cu(In,Ga)Se2 thin films. The invention of the new
generation absorber layer boosted the solar cells’ efficiency by increasing the absorber’s band
gap. In addition, the possibility of fabricating graded band gap Cu(In,Ga)Se2 absorber layer
further increased the device efficiency. Several other improvements were developed such as
the thinner CdS buffer layer (less than 50 nm) and the use of the soda lime glass during this
period. These technologies resulted in the progress of the Cu(In,Ga)Se2 absorber layer’s
performance.
Figure 3. The Cu(In,Ga)Se2 crystal structure. Red = Cu, yellow = Se, blue = In/Ga [13].
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The Cu(In,Ga)Se2 material possesses a chalcopyrite crystal structure which is shown in
Figure 3. Each anion (Se) is coordinated by two cations of each type (Cu, In/Ga). The
Cu(In,Ga)Se2 is obtained by partially replacing indium in a CIS structure with Ga. Since the
atomic radii of the Ga are smaller than In, the lattice constants will be decreased with increasing
Ga content.
The band gap of the Cu(In,Ga)Se2 material depends on the ratio of Cu/(In + Ga). The band gaps
of CuInSe2 and CuGaSe2 are 1.02 and 1.67 eV, respectively. The band gap of the Cu(In,Ga)Se2
varies between 1.02 and 1.67 eV by the change in Ga/(In + Ga) ratio.
2.3. Buffer layer
The buffer layer is deposited on the absorber layer. CdS is the most widely used buffer layer
in the CIGS solar cells. CdS is an n-type semiconductor with a band gap of ~2.4 eV. The buffer
layer improves the CIGS solar cells’ performance by forming the optimized band alignment
between the absorber layer and the window layer. In addition, the buffer layer possesses more
advantages to the CIGS solar cells such as the damage prevention of the absorber layer in the
sequent sputtering process, the passivation of the absorber surface, the relief of the lattice misfit
and so on. Besides CdS, more new buffer layers are in the development process. For example,
the new buffer layers include Zn(S,O), ZnMgO, ZnS and In2S3. Since the research on the new
buffer layers is a hotspot in the development of the CIGS solar cell in recent years, one can
search a lot of published papers regarding the new generation Cd-free buffer layers and some
of them showed great progress.
2.4. Window layer
As the window layer, ZnO is deposited on the buffer layer in the CIGS solar cells. ZnO is not
really a newly discovered material. Research on ZnO has continued for many decades with
interest. In terms of its characterization, reports go back to 1935 or even earlier. For example,
lattice parameters of ZnO were investigated for many decades [14–18].
Most of the group II–VI binary compound semiconductors crystallize in either cubic zinc
blende or hexagonal wurtzite structure where each anion is surrounded by four cations at the
corners of a tetrahedron, and vice versa. Figure 4 depicts three kinds of crystal structures
shared by ZnO which are rocksalt, zinc blende and wurtzite [19]. The zinc-blende ZnO
structure can be stabilized only by growth on cubic substrates, and the rocksalt structure may
be obtained at relatively high pressures [18].
The wurtzite structure has a hexagonal unit cell with two lattice parameters, a and c, in the
ratio of c a = 8 3 = 1.633andbelongstothespacegroupof C6v4  or P63mc. In a real ZnO crystal,
the lattice parameters deviate from the ideal value due to the existence of the Zn interstitials,
O vacancies and dislocations in the crystal structure. The properties vary with different
material types (bulk material, thin films, powders and nanostructures) and different synthesis
processes.
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The window layers in the CIGS solar cells usually are consisted of two layers. The first layer
deposited on the buffer layer is the intrinsic ZnO thin films. In the following an aluminum-
doped ZnO (AZO) layer is deposited on the undoped ZnO layer. The AZO layer processing
high conductivity will be used as the front contact for a CIGS module.
Figure 4. Stick and ball representation of ZnO crystal structures: (a) cubic rocksalt, (b) cubic zinc blende, (c) hexagonal
wurtzite. The shaded gray and black spheres denote Zn and O atoms, respectively [19]. Copyright 2005 by AIP Pub-
lishing LLC.
3. Technology of the CIGS solar cells
The term "photo-voltaic" has been in use in English since 1849. A photovoltaic cell (also called
a solar cell) is an electrical device that converts the energy of light directly into electricity by
the photovoltaic effect [20]. The operation of a solar cell requires three basic attributes. At first,
the absorption of light generates either electron-hole pairs or excitons. Afterwards, various
types of charge carriers are separated. Finally, those carriers are extracted to an external circuit.
Conventionally, photovoltaic materials use inorganic semiconductors. Ideally, the absorber
material of an efficient solar cell should be a semiconductor with a bandgap of 1–1.5 eV with
a high solar optical absorption (104 to 105 cm−1) in the wavelength region of 350–1000 nm, a
high quantum yield for the excited carriers, a long diffusion length and low recombination
velocity [21].
The magnetron sputtering is extensively used to deposit the Mo back contact layer and the
ZnO window layer. The CdS buffer layer is usually fabricated by a chemical bath deposition
method. Several more methods such as atomic layer deposition and spray ion layer gas reaction
technique have been adopted to obtain the new buffer layers. Several techniques were
developed to fabricate Cu(In,Ga)Se2. Among them the coevaporation method and the two-
stage process are two of the most important techniques.
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3.1. Coevaporation process
The brief setup of the coevaporation process is shown in Figure 5. During the process, Cu, In,
Ga and Se sources are heated and evaporated to be grown on a heated substrate. The heating
temperature is specific for each source. The temperature for Cu, In and Ga is higher than that
for Se. It is very important to control the element flux in the coevaporation process. The in-situ
feedback controls based on electron impact emission spectrometry, quadruple mass analysis
or atomic absorption spectrometry have been successfully adopted to control the element flux.
Although the progress for the coevaporation process is in rapid development, the problems
regarding the process control in the absorber deposition remain to be improved.
Figure 5. The setup of the coevaporation process.
3.2. Two-stage process
The two-stage process was invented by Boeing company. For the first stage, a stack of precursor
layers including the Cu, In and Ga metals is deposited. In the following stage, the deposited
precursor alloy layers are transferred to a furnace or a specific reaction setup for selenization.
Either H2Se gas or Se powders are used for selenization process. Figure 6 shows the brief setup
of the selenization furnace.
Figure 6. The setup of the selenization furnace.
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4. Recent research advances
The approach to progress further is to increase the efficiency as well as decrease the cost of the
solar cells. Therefore new concepts and new cell structures should be brought in the develop-
ment of the film solar cells. One of the plausible solutions is to implant nanostructures in the
conventional thin film photovoltaic devices. Zinc oxide (ZnO) nanorod arrays are one of the
nanostructures that can be implanted in the solar cells. ZnO nanostructures can be grown on
top of the CIGS solar cells’ window layers as an antireflective coating layer or implanted into
the solar cells. On the one hand, the implanted nanostructures will decrease the reflection and
increase the light path due to light coupling effects. On the other hand, the ZnO nanostructures
will put the electrode close to the photoinduced carrier generation area with larger carrier
collection function. It will assist in boosting the solar cells’ efficiency by carrier collection
enhancement.
4.1. Photon management
Thin film photovoltaic device technology relies on light management to enhance light absorp-
tion in thin absorber layers. One of the plausible solutions is to implant nanostructures in the
conventional thin film photovoltaic devices. For example, the zinc oxide (ZnO) nanorod arrays
can be implanted in the CIGS solar cells. The use of the ZnO nanorods in the thin film solar
cells is an effective way to decrease the reflection. The variation of the geometrical parameters
of the ZnO nanorods, such as the diameter, the height and the density can lead to an optimum
which results in the maximal absorption in the absorber. An approach of a rigorous three-
dimensional (3D) modeling based on the finite element method (FEM) can be used to simulate
and optimize the light absorption in the Cu(In,Ga)Se2 absorbers with nanostructures.
Modeling the optical properties of the Cu(In,Ga)Se2 absorbers with nanostructures starts by
defining the characteristics of the incident light. In the stationary case, the electric and magnetic
field can be expressed as follows.
( ) ( ), , , , , i tx y z t x y z e w-= %E E (1)
( ) ( ), , , , , i tx y z t x y z e w-= %H H (2)
where E is the electric field, H is the magnetic field and ω is the angular frequency related by
ω = 2πf to the frequency f of light. The mathematical model of the light propagation is Maxwell’s
equation:
( ) ( )   , , , , ,     i tx y z t x y z e w-= %E E (3)
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where E is the electric field, H is the magnetic field, ρ is the electric charge density, ε is the
permittivity, μ is the magnetic permeability and J is the current density. In the time harmonic
case the magnetic field can be determined by the electric field and vice versa. From Maxwell’s
equations we can find
1         iw= - Ñ´ÎH E (7)
1    iw= Ñ´ÎE H (8)
Thus the electric field in the electromagnetic will be taken into account in the simulation. The
electric field distribution of the incident light is described by unpolarized stationary plane
waves.
( )  iAe j× +=% k rE (9)
where A is the constant, k is the wave vector, r is the position vector and φ is the phase angle.
For simplifying the simulation, the wave vector of the incident light is perpendicular to the
surface of the Cu(In,Ga)Se2 absorbers and ϕ is taken as 0.
The nanorod arrays as a light coupling component can be incorporated into two types of solar
cells, i.e., the bifacial solar cells and the superstrate solar cells. As shown in Figure 7(a), both
sides of the bifacial solar cells are illuminated and the ZnO nanorods work as a light-coupling
component and a nanocontact electrode. The intrinsic ZnO nanorods in the superstrate solar
cells play a buffer role. Optionally a buffer layer can be inserted between the ZnO nanorods
and the absorber in the superstrate solar cells. Since both the bifacial and superstrate solar cells
possess the same components which are glass/transparent conductive oxides/ZnO nanorods/
Cu(In,Ga)Se2 absorber, the same components are regarded as the simulated structure. As
illustrated in Figure 7(c), the simulated structure can be divided into two parts: the glass and
the transparent conductive oxides/ZnO nanorods/Cu(In,Ga)Se2 absorber (TNA) structure.
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Figure 7. (a) The schematic structure of the bifacial Cu(In,Ga)Se2 solar cell. (b) The schematic structure of the super-
strate Cu(In,Ga)Se2 solar cell. (c) The schematic drawing of the simulated structure. The TNA is the abbreviation for
the transparent conductive oxides/nanorods/absorber.
As shown in Figure 8, the total reflection consists of the specular reflectance and the scattered
reflectance:
Total S SCR R R= + (10)
Figure 8. The schematic structure of the simulated structure. The structure is illuminated through the glass side. The
figure defines the incident light intensity I0, the specular intensity ITNA illuminating the glass/TNA interface, the specu-
lar reflectance Rs the scattered reflectance , Rsc the specular reflectance of the RsTNA structure and the scattered reflec-
tance of the RscTNA structure.
where RS and RSC are the specular reflectance and the scattered reflectance, respectively. The
specular reflectance is given as:
( )2 2 2
0
1 · · · uS S Sglass glass glass TNA glass glass TNA
u
R R R R R Rt tµ
=
é ù= + ×- ë × ûå (11)
where Rglass is the reflectance at the air/glass interface with the incident of light illuminating
the interface, ������ is theabsorptanceof thethickglassand�����  is the reflectance of the TNAstructure illuminated from the glass. The Rglass is calculated from the Fresnel’s equation:
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21  1
glass
glass
glass
R -= +
n
n (12)
       n i k= + ×glassn (13)
where nglass is the complex refractive index of the glass, n is the refractive index of the glass and
k is extinction coefficient of the glass. The τglass is calculated as:
( )      glass glass glassexp dt a ×= - (14)
4  0glass
kpa l= (15)
where αglass is the optical absorption coefficient of the glass and λ0 is the vacuum wavelength
of light.
The reflection, transmission and absorption in TNA structure can be calculated using the finite
element method (FEM) method. The FEM is a numerical technique used in finding solutions
of Maxwell equations. The volume of the simulated structure is meshed and electromagnetic
field components are computed. Once the simulation of the design (structure, boundary
conditions, light sources and frequency range) is set up, FEM process operates through three
steps: meshing, solving and postprocessing. In the first step, for a given wavelength, the
volume of the designed structure is discretized. During the second step, the resulting system
of the equations is solved. In the third step, the reflection, transmission and absorption of the
simulated structure is computed. The reflectance RTNA is given by:
S SC
TNA TNA TNAR R R= + (16)
where ������  is the scattered reflectance of the TNA structure. Since tracing the scattered
reflected light of the TNA structure in the thick glass and air/glass interface dramatically boosts
the computation amount, it is not possible to get the results using FEM. The total reflectance
is approximately calculated as:
Total
glass TNAR R R= + (17)
4.2. Nanostructures
An antireflective or antireflection coating (ARC) is a type of optical coating applied to the
surface of lenses and other optical devices to reduce reflection. This improves the efficiency of
the system since less light is lost. The ARC is generally made of a dielectric layer, e.g., MgF2,
SiN, TiO2 or ZnS, with a thickness of a quarter-wavelength [22–25]. Another approach of
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boosting light coupling is to structure the surface of the solar cells by means of the moth-eye
effect. Moths' eyes have an unusual property: their surfaces are covered with a natural
nanostructured film which eliminates reflections. The ZnO nanorods have an appropriate
refractive index of ~2. Coating an absorber surface leads to continuously varying refractive
index profiles in the tapered ZnO nanorods. Consequently they suppress the surface reflection
via a subwavelength structure. Therefore the tapered ZnO nanorods are a promising light
coupling layer for ARC of solar cells as well as solar thermal selective surfaces.
Figure 9. The ZnO nanowire arrays prepared by the hydrothermal method.
Figure 2 has shown the cross section scanning electron microscopy (SEM) images of ZnO
nanorods on CIGS. The ZnO nanorod arrays serving as an ARC were electrodeposited on thin
film Cu(In,Ga)Se2 solar cells. According to the research, the weighted reflectance was reduced
from 8.6 to 3.5%. Highest increases in both the saturation-current of 5.7% and the solar cells
efficiency of 7.2% were achieved [26]. In addition, the ZnO nanorod arrays have been incor-
porated into a superstrate or a bifacial cell structure of the other thin film photovoltaic devices
such as DSSCs [27], QDSCs [28] and organic solar cells [29].
ZnO nanostructures have been prepared by various methods [30–46]. The solution-based
fabrication routes including hydrothermal method and electrochemical deposition (ECD)
method are the only ways to grow ZnO nanostructures at a low temperature down to the range
between 60°C and 90°C [35–46]. Meanwhile the growth can be achieved over large areas up to
10 cm × 10 cm [44–46]. Figure 9 shows the SEM image of the ZnO nanowire arrays prepared
by the hydrothermal method.
The ECD technique consists of an electrochemical cell and accessories for providing a galvanic
current which flows through the electrochemical cell. The cell usually contains electrolyte and
electrodes. The first of these electrodes has been named the anode. At an anode, electrons go
away from the electrolyte to the anode. Hence, an anodic reaction must generate electrons. The
second has been named the cathode. The cathode supplies electrons to the positively charged
cations which flow to it from the electrolyte. Within the electrolyte, the current flow is always
from the anode to the cathode, which means the electron transports from the cathode to the
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anode. In the external parts of the closed circuit (“external” relative to the electrolyte), the
current flow is from cathode to anode, which equates the electron transport from the anode to
the cathode [47].
Figure 10. (a) Two-electrode system and (b) three-electrode system.
During the ECD process, the electrodeposited products are deposited on one of the electrodes.
The electrode is the working electrode (WE). However, the WE is not enough for the ECD
process. At least another electrode is necessary for allowing current to flow. In the simplest
case a two-electrode cell is used for ECD (Figure 10(a)). The second electrode is used both as
the reference electrode (RE) to measure the WE potential and as a counter electrode (CE) to
allow current to flow. However, the potential of the second electrode changes accordingly
when there is a current flow, which has been termed electrode polarization. In order to measure
the accurate WE potential, a three-electrode cell containing a WE, a CE and a RE is more
common (Figure 10(b)). A current flows between the WE and CE, while the potential of the
WE is measured against the RE. No current flows in the circuit of the RE/WE, which therefore
is not polarized [48]. The glass substrates coated by FTO and AZO transparent conductive
oxides are used as the WE. The electrochemical cell was placed in a thermoregulated bath. The
liquid electrolyte contains zinc salts and additives. During the experiments the liquid electro-
lyte in which there is a magnetic stirring bar is agitated. A schematic illustration of the setup
for the ECD process is shown in Figure 11. The electrochemical process is controlled and
recorded by a potentiostat/galvanostat.
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Figure 11. Schematic description of the electrochemical deposition setup.
5. Conclusion
This chapter gives the review of the CIGS solar cells regarding the heterostructures, materials,
technology and research advances. The CIGS solar cells consist of a number of films which are
deposited onto a rigid or flexible substrate. Mo deposited by magnetron sputtering serves as
a nontransparent back-contact. The Mo film is covered by the actual Cu(In,Ga)Se2 film. The
coevaporation method and the two-stage process are two of the most important techniques to
fabricate Cu(In,Ga)Se2. The heterojunction is formed by depositing a very thin n-type buffer
layer (typically CdS) and an n-type wide gap transparent window layer (usually heavily doped
ZnO). The CdS buffer layer is usually fabricated by a chemical bath deposition method. The
magnetron sputtering is extensively used to deposit the ZnO window layer. The chapter also
states the key findings in our research and provides suggestions for future research. One of
the plausible solutions for boosting solar cells’ efficiency is to implant nanostructures such as
ZnO nanorod arrays in the conventional thin film photovoltaic devices. ZnO nanostructures
can be grown on top of the CIGS solar cells’ window layers as an antireflective coating layer
or implanted into the solar cells. On one hand, the implanted nanostructures will decrease the
reflection and increase the light path due to light coupling effects. On the other hand, the ZnO
nanostructures will put the electrode close to the photoinduced carrier generation area with
larger carrier collection function. It will assist in boosting the solar cells’ efficiency by carrier
collection enhancement.
6. Outlook
In the past four decades, the CIGS thin film solar cells have developed steadily. The lab
efficiency of the CIGS solar cells has reached to as high as 22.6% [2]. However, the journey to
successful large-scale commercialization is going through fire and water. Nowadays the silicon
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photovoltaic industry has entered its maturity stage from the industry life cycle point of view.
It is ambiguous to estimate that whether the CIGS thin film solar cell is in its introduction stage
or in a growth stage. Since very few CIGS companies survive in such an intensively competitive
photovoltaic market, it is difficult to conclude that the CIGS is in a growth stage. It is worth
noting that new concept solar cells such as the perovskite solar cells are in an astonishing
development in recent years, which might make the club of the thin film solar cells more
uncertain. The prospect for the CIGS thin film solar cells is facing challenges coming from both
the technology and market. For achieving the great expectation of the CIGS photovoltaics,
there is still a long way to go.
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